It has not been established which physiological processes contribute to endurance training-related changes (∆) in aerobic performance. For example, the relationship between intramuscular metabolic responses at the intensity used during training and improved human functional capacity has not been examined in a longitudinal study. In the present study we hypothesized that improvements in aerobic capacity ( O V & 2 max) and metabolic control would combine equally to explain enhanced aerobic performance. 
Abstract
It has not been established which physiological processes contribute to endurance training-related changes (∆) in aerobic performance. For example, the relationship between intramuscular metabolic responses at the intensity used during training and improved human functional capacity has not been examined in a longitudinal study. In the present study we hypothesized that improvements in aerobic capacity ( performance. An increase in O V & 2 max is a common method of demonstrating a training effect in endurance training studies (3), and O V & 2 max is often used to quantify and standardize exercise intensity for training studies (13, 18, 38) , submaximal time-toexhaustion performance trials (28, 37), and studying metabolic responses to submaximal exercise (1, 41 weeks of treadmill interval training, but not in a further 9 athletes following a similar training program at a higher intensity. Thus, a link between improvements in the oxygen transport system and the magnitude of improvement in aerobic performance requires detailed reappraisal in a larger study.
Perhaps even more surprising, no study has determined metabolic control within skeletal muscle under training intensity conditions, so it has not been evaluated if the degree of altered energy metabolism explains alterations in aerobic capacity or human performance. The aim of the current study was therefore to determine in a relatively large cohort of previously untrained individuals (n=24) whether training-induced improvements in O V & 2 max, aerobic performance, and metabolic control are related, in order to provide greater insight into determinants of human physiological performance.
Methods

Subjects
Twenty-four healthy men (24±2 y; 1.81±0.08 m) volunteered to take part in the study.
Body mass did not change during the study period (76.6±11.3 kg vs. 77.0±10.8 kg).
Mean resting blood pressure (systolic/diastolic) and heart rate were 126±11/72±5 mm was repeated 24 hours after the last training session. In subsequent days two further incremental cycling tests and two time trials were performed to determine traininginduced changes in maximal parameters and performance. Changes from pre-to posttraining are denoted with a ∆-sign, except for metabolic parameters for which the ∆-sign denotes the change from pre-to post-submaximal exercise.
Metabolic and enzyme measurements
Muscle biopsy samples were obtained from the vastus lateralis muscle before and after each of the two 10-min exercise bouts using a percutaneous needle biopsy as previously described (46) . Each sample was taken ~3-5 cm apart on each visit, and the same leg was sampled for the pre-and post-submaximal metabolism assessment. Biopsy samples were frozen in liquid nitrogen within 10-15 s of sampling, and stored at -80°C until analysis. One freeze-dried portion was dissected free from visible connective tissue and blood, powdered and extracted in 0.5 M perchloric acid containing 1 mM EDTA.
Following centrifugation the supernatant was neutralized with 2.2 M KCHO 3 and used for spectrophotometric determination of ATP, PCr, and lactate (21), and for the determination of free carnitine and acetyl-carnitine (ALCAR) by enzymatic assays using radioisotopic substrates (7). Freeze-dried muscle powder was also used for the determination of muscle glycogen (21). Activities of citrate synthase (CS), Complex I (CI), and Complex IV (CIV) were determined as previously described (16) .
Statistical analyses
All data are presented as mean ± SD. Statistical analyses were performed using SPSS statistical software (SPSS, USA). Differences between pre-and post-training mean values for all measured parameters were determined using paired sample t-tests.
Subsequently, subjects were grouped into low responders (n=8; responders for all parameters were determined using independent sample t-tests.
Multivariate linear regression analysis (stepwise criteria: probability-of-F-to-enter ≤0.05, probability-of-F-to-remove ≥0.10) was performed with either percentage change 
Results
Aerobic training improves a range of classic physiological parameters
With the current 6-week supervised cycling training program, commonly reported training-induced adaptations in a range of classic parameters were reproduced (Table 1) .
Both aerobic capacity ( O V & 2 max; +13%; p<0.001) and aerobic time trial performance (+14%; p<0.001) significantly improved. Post-training, maximal exercise testing was associated with increases in maximal power output (+13%; p<0.001) and maximal minute ventilation (+12%; p<0.001), as well as a decrease in maximal RER (-4.6%; p<0.01), but no changes were observed for maximal ventilatory equivalent or maximal heart rate. Submaximal heart rate (-10%), minute ventilation (-13%), ventilatory equivalent (-12%), and RER (-7.7%) were all reduced following training (p<0.001).
Furthermore, submaximal exercise was associated with lower increases in muscle levels of lactate (-84%; p<0.001), creatine (-45%; p<0.01), and acetyl-carnitine (-58%; p<0.001), as well as lower breakdown of muscle glycogen (-61%; p<0.05) and phosphocreatine (-42%; p<0.01), and less acetylation of carnitine (-53%; p<0.001).
Finally, resting glycogen levels increased (+35%; p<0.001), as did the activities of the mitochondrial enzymes citrate synthase (+26%; p<0.001), Complex I (+23%; p<0.01),
and Complex IV (+23%; p<0.001). Together these results suggest greater aerobic capacity, improved metabolic control, and greater reliance on lipid oxidation during submaximal exercise. Thus, the physiological and biochemical findings of the current study are in agreement with the large body of work previously published. However, as no previous studies have simultaneously examined both the maximal and submaximal physiological and biochemical parameters presented, we were able to examine their inter-relationships for the first time.
Inter-individual variability in training response is high
Although aerobic capacity improved significantly for the group as a whole, individual training adaptations ranged from a 2% decrease to >30% increase. Similarly, inter- 
Baseline determinants of training adaptation
The magnitude of training adaptations for most parameters, but not ∆ O V & 2 max and ∆performance, was significantly correlated with their respective baseline levels ( Table   2 ). In order to determine whether low baseline values for particular parameters affected the magnitude of adaptations in either aerobic capacity or aerobic performance, correlations between baseline values for maximal and submaximal parameters, and tempting to conclude from these data that subjects with poor pre-training metabolic control were able to improve aerobic performance to a larger extent, it is more likely that these correlations are due to the way the training intensity was standardized, i.e. as 
Discussion
Presentation of the physiological and biochemical adaptations to endurance training in a group of subjects as average responses largely ignores the observation that for most parameters no measurable response will be observed in certain members of that group.
A logical hypothesis is that human performance will reflect the integration of a variety It is curious that in the untrained individual, both parameters are tightly linked at baseline, suggesting that a common factor influences these capacities, yet this factor does not tightly couple the adaptive process that occurs during training. Although the overall stimuli for improving aerobic capacity and aerobic performance are identical (i.e. aerobic training), we demonstrate that these adaptations do not occur in proportion to each other and do not appear to be determined by the same physiological or biochemical parameters. It follows that the molecular mediators responsible for adaptations to aerobic capacity and aerobic performance are also likely to be unrelated.
The potential for metabolic-responsive processes such as calcium-mediated signaling This study also showed considerable variation in training adaptations for parameters like blood pressure, HDL-cholesterol, and heart rate at submaximal exercise (6).
However, the present study is the first to present evidence that a low response for Indeed, in these cases it is advisable to standardize exercise intensity using measures more directly related to performance power output (e. 
Figure 3
Correlation between the pre-training increase in muscle lactate with submaximal cycling and the training-induced improvement in time trial performance (p<0.001).
Figure 4
Correlation between the intensity of the submaximal cycling test (expressed as a percentage of the power output during the pre-training time trial) and the increase in muscle lactate concentration during the pre-training submaximal cycling test (p<0.001). 
